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ABSTRACT

We present results of Chandra observations of two flanking fields (FFs) in Orion, outside the Orion Nebula
Cluster (ONC). The observations were taken with the ACIS-I camera with an exposure time of about 48 ks each
field. We present a catalog of 417 sources, which includes X-ray luminosity, optical and infrared photometry, and
X-ray variability information. We have found 91 variable sources, 33 of which have a flarelike light curve and 11
of which have a pattern of a steady increase or decrease over a 10 hr period. The optical and infrared photometry
for the stars identified as X-ray sources are consistent with most of these objects being pre—main-sequence stars
with ages younger than 10 Myr. We present evidence for an age difference among the X-ray—selected samples of
NGC 2264, Orion FFs, and ONC, with NGC 2264 being the oldest and ONC being the youngest.
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1. INTRODUCTION

The Orion Nebula is one of the best-studied star formation
regions in the Galaxy. The Orion Nebula Cluster (ONC) des-
ignates the inner 3 pc (~20') from 'C Orionis and contains
more than 3000 stars. The core of the ONC, also known as
the Trapezium cluster (Trumpler 1931; Herbig & Terndrup
1986), comprises the stars located within 0.3 pc (~2') of 6'C
Orionis; it has an inferred stellar density of about 8000 stars
pc™3 and is one of the densest known regions of star for-
mation (McCaughrean & Stauffer 1994). Most of the ONC
members are visible, primarily because the massive stars in
the Trapezium cluster have swept the gas from the molec-
ular cloud creating a cavity facing toward us. The structure,
dynamics, and stellar content of the ONC have been exten-
sively studied (Hillenbrand 1997; Hillenbrand et al. 1998;
Hillenbrand & Carpenter 2000; Carpenter 2000; Luhman et al.
2000; O’Dell 2001). The stars in the ONC are less than 1 Myr
old, and their masses range from less than 0.05 to ~50 M
(Hillenbrand 1997; Hillenbrand & Carpenter 2000). Studies
of the outer regions of the Orion Nebula (flanking fields)
have revealed the presence of young stars of ages between 1
and 3 Myr (Rebull et al. 2000; Gullbring et al. 1998; Hartmann
1998) with an accretion disk fraction of about 40% (Rebull
et al. 2000). The Orion Nebula provides an excellent labo-
ratory for studying pre—main-sequence (PMS) stars, given its
proximity (470 pc), its age, and its stellar diversity.
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PMS stars are strong X-ray emitters; typical PMS stars have
X-ray luminosities 10'~104 above those observed in older
main-sequence stars (Feigelson & Montmerle 1999). The
X-ray emission in low-mass stars comes from magnetic
reconnection. In the dynamo model the strength of the mag-
netic field, and hence the X-ray activity, depends on the rate
of differential rotation and on the depth of the outer convec-
tive envelope (Gilman 1983; Rosner et al. 1985). There is a
clear relationship between rotation rate (period) and X-ray
luminosity (L) found in late-type stars in clusters as old as
NGC 2547 (15-40 Myr, Jeffries et al. 2000) through the
Hyades (~500 Myr, Stauffer et al. 1997). The ratio between
the X-ray and bolometric luminosity, Ly /Lpol, increases with
increasing rotation rate until the most rapidly rotating stars
reach a maximum X-ray luminosity (or saturation level) such
that Ly /Lpol ~ 1073 (see Pizzolato et al. 2003 and references
therein). It is much less clear that rotation and Ly /Ly, are
related in younger clusters. Gagne & Caillault (1994) studied
a 4.5 deg? region centered in the Orion Nebula using X-ray
data from the Einstein Observatory. They found that at least
100 sources were associated with late-type PMS stars and their
X-ray activity was not correlated with published rotational
periods and spectroscopic rotational velocities. Gagne et al.
(1995) used ROSAT X-ray data in a similar study in the Orion
Nebula, finding no dependence of X-ray activity on rotation.
More recently, the Chandra observatory has provided signif-
icantly improved spatial resolution and sensitivity for X-ray
observations. Feigelson et al. (2002) reported X-ray obser-
vations of the ONC using the Chandra observatory ACIS-I
detector. They found more than a thousand X-ray sources,
91% of them associated with known stellar members of the
cluster. Feigelson et al. (2003) also see no obvious correla-
tion between rotation and Ly /Ly for their ONC sample and
conclude that the X-ray generation mechanism for young
PMS stars must be different from that responsible in young
main-sequence stars. Flaccomio et al. (2003b) analyzed data
for a number of young associations and clusters (including
Orion) and agree that there is little correlation between Ly / Lyol
and rotation at very young ages, but they conclude that the
data are consistent with a single physical mechanism, in which
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Orion-age stars are simply all at or near the saturation level.
We intend to use our Orion flanking field data and other new
Chandra data for NGC 2264 (Ramirez et al. 2004) to help
determine at what age the relationship between rotation and
Ly/Lyoi emerges.

In the present paper we present results of Chandra obser-
vations of two of the flanking fields (FFs) in the Orion Nebula
(fields 2 and 4 from Rebull et al. 2000), just outside the ONC.
We discuss source detection, variability, and L, determination,
providing a catalog of 417 X-ray sources. We present evidence
that the X-ray—selected sample of PMS stars in the flanking
fields in Orion are older than a similarly selected sample in the
ONC. In Rebull et al. (2004, hereafter Paper III) we will dis-
cuss in more detail the relationships found here between ro-
tation rate, mass accretion rate, disk indicators, and X-ray
luminosity, in our field of NGC 2264 and the two Orion
flanking fields.

2. OBSERVATIONS

Two flanking fields in Orion were observed with the
Advanced CCD Imaging Spectrometer (ACIS) detector on
board the Chandra X-Ray Observatory (Weisskopf et al. 2002).
The imaging array (ACIS-I) consists of four 1024 x 1024 front-
side illuminated CCDs and covers an area on the sky of about
17’ x17'. The north Orion flanking field (NOFF) is centered at
5h35m193 —4°48'15" about 36 (~5 pc, at a distance of 470 pc)
north of the Trapezium cluster and was observed on 2002
August 26 with a total exposure time of 48.8 ks. The south
Orion flanking field (SOFF), centered at 5"35™6%, —5°40/48",
about 17" (~2.5 pc, at a distance of 470 pc) south of the
Trapezium cluster, was observed on 2002 September 6 with a
total exposure time of 47.9 ks. Figure 1 shows a 1°x1°5 image
of Orion from the Palomar Digital Sky Survey (Reid et al.
1991), with both Chandra ACIS-I fields of view marked as
boxes. The fields were selected to maximize the number of
stars in the field of view with known periods from Rebull
(2001) and with minimal overlap with other contemporaneous
Chandra Orion observations (Feigelson et al. 2002; Flaccomio
et al. 2003b).

2.1. Data Preparation

Data analysis was performed in the same manner as de-
scribed in Ramirez et al. (2004), where we discussed similar
observations of a field in NGC 2264. In summary, we started
with the level 1 processed event list, applied the charge
transfer inefficiency (CTI) correction as described in Townsley
et al. (2000), then filtered by ASCA grades, by time intervals,
and by background flaring due to solar activity. Removal of
the background flares identified by the latter step reduced the
exposure time to 46.9 ks for the NOFF and to 46.3 ks for the
SOFF. Finally, the energy range was restricted to 0.3—10 keV.
The filtering process was done using the Chandra Interactive
Analysis of Observations (CIAO) package.® Figures 2 and 3
show the ACIS-I image of the filtered observations for the
NOFF and the SOFF, respectively.

2.2. Source Detection

X-ray sources were identified using the WAVDETECT tool
within the CIAO package. The WAVDETECT tool works well

8 At http://cxc.harvard.edu/ciao/index.html.
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Fic. 1.—Image of Orion from the Palomar Digital Sky Survey (Reid et al.
1991). The image has a field of view of 60’ x90’, and the boxes represent the
fields of view of the Chandra ACIS-I observations. The NOFF is centered at
R.A.(J2000.0) = 5"35™19%, decl.(J2000.0) = —4°48’15", and the SOFF is
centered at R.A.(J2000.0) = 5"35™6°, decl.(J2000.0) = —5°40'48".

in detecting X-ray sources in crowded fields. This tool per-
forms a Mexican hat wavelet decomposition and reconstruc-
tion of the image as described in Freeman et al. (2002). We
used wavelet scales ranging from 1 to 16 pixels in steps of v/2
and the default source significance threshold of 1x107¢. The
WAVDETECT tool was run separately in the four ACIS-I
CCDs images for both fields, and it produced an original list
of 256 sources for the NOFF and 280 sources for the SOFF
(see § 3.1).

2.3. Astrometric Alignment

The positions of the sources obtained by WAVDETECT
were correlated with 2MASS positions. Each X-ray source was
manually checked to confirm that the 2MASS counterpart lay
within the radius for count extraction (as defined in Ramirez
et al. 2004). We checked the astrometry of the Chandra
observations using all X-ray sources located within an off-axis
angle (¢) less than 5’ that have 2MASS counterparts. A total of
85 NOFF sources and 70 SOFF sources meet this criteria. We
determined a mean offset in right ascension of —0709 =+ 0702
and a mean offset in declination of —0714 + 0703 between the
NOFF Chandra and 2MASS coordinates and a mean offset in
right ascension of 0709 4 0703 and a mean offset in declination
of —0728 + 0703 between the SOFF Chandra and 2MASS
coordinates.



No. 2, 2004

CHANDRA OBSERVATIONS OF YOUNG CLUSTERS. II. 789

i

Fic. 2.—Image of the NOFF, observed with ACIS-I at the Chandra observatory. The image has a field of view of 17'x17' and is centered at
R.A.(J2000.0) = 5"35™19%, decl.(J2000.0) = —4°48’15". This image contains only filtered events.

The Chandra positions were corrected by these mean off-
sets to put the X-ray sources in the same reference frame as
their 2MASS counterparts.

3. RESULTS

3.1. X-Ray Photometry

X-ray aperture photometry was initially performed on the
536 sources detected by the CIAO tool WAVDETECT. The
radius for count extraction, R., and the annulus for back-
ground determination were defined in the same manner as in
Ramirez et al. (2004). The X-ray counts (Ce,) and background
counts were extracted using the CIAO tool DMEXTRACT. We
computed the background in counts per square arcsecond as a
function of off-axis angle (¢), performing a 3 o rejection fit to
avoid background counts from annuli that have other sources
within. The computed background was constant as a function
of ¢ and had a value of B = 0.072 + 0.024 counts arcsec 2 for
the NOFF and a value of B = 0.059 & 0.021 counts arcsec >
for the SOFF. The net count, N.C., and the count rate, C.R.,
were computed for each source as in Ramirez et al. (2004).

We carefully inspected the light curves of all the sources
(see § 3.3) and their appearance in the image of the Chandra
field of view. A total of 119 (22%) sources were rejected from

the original list: 107 sources had light curves consistent with
cosmic-ray afterglows, five sources were detected twice, since
WAVDETECT was run separately in each CCD, and seven
sources were located at the edge of the field of view. Of the
107 light curves having a cosmic-ray shape, 106 (99%) con-
tain cosmic-ray afterglows flagged by the pipeline. Our final
list of 417 X-ray sources (203 from the NOFF, 214 from the
SOFF) is provided in Table 1.

3.2. X-Ray Luminosities

We selected all sources with more than 500 net counts,
extracted their spectra, and fitted them to measure their X-ray
fluxes. A total of 24 sources from the NOFF and 20 sources
from the SOFF meet this criteria, and they are listed in Table 2.
The spectra were extracted within R,y using the CIAO tool
DMEXTRACT. The spectra of the NOFF and the SOFF
sources are shown in Figures 4 and 5, respectively. We used the
same spectral fitting process, as described by Ramirez et al.
(2004), with the Redistribution Matrix Files (RMFs) provided
by the CTI corrector (Townsley et al. 2000) and Auxiliary
Response Files (ARFs) created by the CIAO tool MKARF and
later corrected for the ACIS low-energy quantum efficiency
degradation. We adopted a photoelectric absorption model
(XSWABS), which uses Wisconsin cross-sections from
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Fic. 3.—Image of the SOFF, observed with ACIS-I at the Chandra observatory. The image has a field of view of 17’ x 17’ and is centered at R.A.(J2000.0) =

5h35m68, decl.(J2000.0) = —5°40'48". This image contains only filtered events.

Morrison & McCammon (1983). This model has one param-
eter that is the equivalent hydrogen column density [#(H)].
The hydrogen column density was fixed to a value of 0.08 x
1022 cm~2 to match an extinction value of 4, = 0.41, which is
the most likely value of the observed extinction toward both
Orion flanking fields (see Rebull et al. 2000 for more dis-
cussion). As discussed in Ramirez et al. (2004), the error in L,
that comes from fixing n(H) is negligible. Finally, we adopted
a thermal emission model (XSMEKAL) based on the model
calculations of Mewe et al. (1985, 1986) and Kaastra (1992),
with Fe L calculations by Liedahl et al. (1995). This model
includes line emissions from several elements. The remaining
two parameters in the model are the plasma temperature (k7')
and a normalization factor. As in the analysis of NGC 2264
Chandra observations (Ramirez et al. 2004), we used a two-
temperature model to fix the X-ray spectra. The spectral pa-
rameters obtained from the two-plasma temperature models are
listed in Table 2. The X-ray flux for the brightest sources is
determined from the best spectral model derived from the mean
model parameters. We computed mean plasma temperatures of
0.63 £ 0.05 and 2.6 + 0.3 keV for the NOFF sources and
mean plasma temperatures of 0.77 £ 0.05 and 2.9 £ 0.2 keV
for the SOFF sources. The mean plasma temperatures are held
constant, and the integration of the best fit between 0.3 and

8.0 keV provides the X-ray flux. The resulting X-ray fluxes
are listed in Table 2.

We use the X-ray fluxes of the bright sources to compute an
X-ray flux—weighted conversion factor between count rate
and X-ray flux. We obtained a conversion factor of (6.58 £
0.13)x10715 (ergs cm~2 s~!)/(counts ks~!) for the NOFF
sources and a conversion factor of (6.72 & 0.20)x 107"° (ergs
ecm~2 s7!)/(counts ks~') for the SOFF sources. The values
of these conversion factors are in reasonably good agree-
ment with the derived conversion factor for our similar
X-ray observation in NGC 2264 (6.1640.13)x10~5(ergs
em~? s~1)/(counts ks™!) (Ramirez et al. 2004) and other
published values (see Ramirez et al. 2004).

The X-ray flux for our catalog of X-ray sources in both
Orion fields is listed in column (10) of Table 1. The X-ray
luminosity, Ly, listed in column (11) of Table 1, is computed
assuming a distance to Orion of 470 pc.

The limiting luminosity in our X-ray observations varies
within the field of view, because of the variation of the PSF
across the field.

The faintest source is located at ¢ ~ 6’ and has a count rate
of 0.08 counts ks™!, corresponding to an X-ray luminosity of
28.15 at the distance of Orion. About 85% of our sources are
located within ¢ = 8’. At that off-axis angle the limiting count



TABLE 1
TuE CATALOG OF X-RAY SOURCES

RA. Decl. o Rext tor CR. Flux log (Ly) P(x?
X-ID Name (J2000.0) (J2000.0) (arcmin) (arcsec) Jpsk (ks) (count ks~ (ergs cm ™2 s71) log (ergs s 1) (%) Comments®
) @ 3 “ (5 Q) (7 ® ® (10) an (12) (13)

North Orion Flanking Field (NOFF)

NOO1......... CXORRS J053442.6—044215 534 42.70 —4 42 15.294 10.93 17.50 1.00 359 17.25 0.114E-12 30.48 93
NOO2......... CXORRS J053444.5—-044214 534 44.53 —4 42 14.807 10.55 16.30 1.00 36.4 12.88 0.848E-13 30.35 0 v, s
NOO4......... CXORRS J053448.2—-044740 5344824 —4 47 40.865 7.77 9.50 0.98 40.9 36.05 0.237E-12 30.80 0 v, s
NOOSs......... CXORRS J053448.5—-044956 5 34 48.60 —4 49 56.658 7.78 8.70 0.96 24.7 1.56 0.103E-13 29.43 99
NO007......... CXORRS J053451.0—-044341 534 51.05 —4 43 41.614 8.39 10.10 0.98 38.7 10.48 0.690E-13 30.26 0 v, f

Note.—Table 1 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.
# Key: (v) variable star; (f) flarelike light curve; (p) possible flare in the light curve; (s) steady increase or decrease in the light curve; (c) source confusion, see details in § 4.1; (x) source detected only in X-rays, see details in
§4.2.



TABLE 2
SPECTRAL PROPERTIES OF BRIGHT SOURCES

C.R. kT, kT, Flux®
X-ID Optical ID (counts ks~ (keV) (keV) (10713 ergs cm ™2 s71)

North Orion Flanking Field (NOFF)

Par 1817 209.4 0.77 3.40 14.20
Par 2257 65.6 0.70 2.87 4.03
Par 2140 60.6 0.56 1.96 3.61
Par 1798 56.0 1.05 3.62 3.78
Par 1621 55.4 0.40 2.63 3.60
Par 1834 52.5 0.00 3.58 3.35
Par 1950 43.5 0.65 222 2.65
Par 1701 354 0.00 2.74 2.54
Par 1598 36.0 0.00 2.11 221
Par 1967 30.3 0.31 1.39 1.88
Par 2043 414 0.30 1.31 2.54
Par 1935 27.8 0.00 1.23 1.65
Par 2081 29.5 0.85 4.40 1.77
Par 2145 27.0 0.61 2.40 1.54
Par 1651 24.7 0.84 3.88 1.60
RO1 2133 21.1 0.40 3.25 1.25
Par 1778 20.3 0.00 4.02 1.16
Par 2109 17.0 0.24 1.07 0.91
SMMV 1944 17.3 0.00 1.96 1.01
Par 2017 67.2 0.00 1.38 4.06
Par 1710 16.4 0.89 4.36 0.95
Par 1948 16.1 0.87 5.02 0.91
RO1 1413 17.2 0.00 6.76 0.82
Par 2064 12.9 0.00 1.01 0.75

South Orion Flanking Field (SOFF)

Par 2069 200.9 0.85 3.71 13.30
Par 1828 100.8 1.00 4.80 7.21
Par 2048 103.8 0.66 3.34 7.25
Par 1553 52.0 0.70 2.43 3.40
Par 1929 37.5 0.66 2.23 241
Par 1756 34.7 0.77 2.70 2.16
Par 1874 31.6 1.00 4.45 2.13
Par 1787 273 1.33 5.82 1.85
Par 1643 26.5 0.64 2.02 1.34
Par 1846 21.2 0.64 2.65 1.26
Par 1942 19.5 0.78 2.66 1.12
Par 1848 19.5 0.86 3.70 1.14
Par 1564 17.8 0.64 1.63 1.12
Par 1613 16.0 0.69 1.76 0.86
Par 1535 15.4 0.64 1.63 0.85
Par 1616 15.6 0.64 1.47 0.85
Par 1876 14.4 0.81 3.36 0.86
RO1 1603 13.1 0.32 3.58 0.64
Par 1571 13.4 1.04 1.88 0.84
CHS 7005 21.2 0.00 0.00 0.96

? Flux determined from models of mean plasma temperatures.
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Fic. 4—Spectra of the 24 brightest sources in the NOFF sample. The solid lines show the best two-plasma temperature models.
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795



796 RAMIREZ ET AL. Vol. 128
TABLE 3
OpticaL/INFRARED SOURCES WITH X-RAY COUNTERPARTS
R.A. Decl. U vV 1. J H K
Name (J2000.0) (J2000.0) X-ID (mag) (mag) (mag) (mag) (mag) (mag)
RO1 1413........ 534 42.616 —4 42 14.86 NOO01 e 18.79 15.52 13.07 10.99 9.94
Par 1567......... 53444512 —4 42 13.71 N002 0.04 15.38 13.53 12.36 11.49 10.89
Par 1598......... 5 34 48.155 —4 47 39.98 NO004 0.11 16.63 14.08 12.05 10.73 9.97
CHS 5807 ...... 5 34 48.548 —4 49 56.72 NO005 13.97 12.07
Par 1620......... 534 50.988 —4 43 41.35 NO007 16.02 13.60 12.14 11.09 10.43

Nore.—Table 3 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance

regarding its form and content.

rate has increased to 0.20 counts ks~!, corresponding to an
X-ray luminosity of log (Lx) = 28.5 at the distance of Orion.
At ¢ = 10’, we cannot detect X-ray sources fainter than
0.45 counts ks~ ! [log (Ly) = 28.9]. Therefore, we adopt a value
of log (Lx) = 28.5 dex as the limiting X-ray luminosity for
our observations, keeping in mind that this value holds for
sources located within ¢ ~ 8’.

3.3. Variability

Light curves were determined for all 417 sources detected
by WAVDETECT using the CIAO tool LIGHTCURVES with
a bin time of 2500 s. The statistics of the light curves of
the sources of our X-ray catalog were obtained using the
Xronos® tool LCSTATS. This provides, among other values,
the probability of the light curve being constant, P.(x?), as
derived from the x? value. The P.(x?) values are listed in
column (12) of Table 1. The light curves of the sources with
P.(x?) < 90% were analyzed further, since they are the most
likely to be variable. We defined a variable source as those
having 2500 s bin light curves with P.(x?) < 90% and 5000
and 7500 s bin light curves with reduced x* > 2.5, as in
Ramirez et al. (2004). There are 91 variable sources that meet
these criteria. Variable sources are marked with a ““v”” in col-
umn (13) of Table 1. There are 33 variable sources which
show a flare shape, defined as a rapid increase and a slow
decrease in the X-ray flux. Variable sources with a flarelike
light curve are marked with an additional “f” in column (13)
of Table 1. There are sixteen sources that show a possible
flare pattern, described as an increase in X-ray flux happening

° See http://heasarc.gsfc.nasa.gov/docs/xanadu/xronos/xronos.html.

at the end of our observations or a decrease in X-ray flux
occurring at the beginning of our observations. Variable sources
with a possible flare pattern are marked with an additional
“p” in column (13) of Table 1. We have detected a fraction
of about 11% flaring sources (8% excluding possible flares)
in both Orion flanking fields. A comparable fraction (about
8%) was observed in a similar length observation in NGC
2264 (Ramirez et al. 2004). There are 11 sources that show
a steady increase or decrease in their X-ray flux. Those
sources are marked with an additional “s” in column (13) of
Table 1. A similar pattern is observed in two NGC 2264
sources (Ramirez et al. 2004) and three X-ray IC 348 sources
(Preibisch & Zinnecker 2002). These patterns might be un-
derstood by rotational modulation of X-ray flares (Stelzer
et al. 1999). In Figure 6 we show a selection of light curves
of sources of comparable luminosity. In the top panels we
show two light curves with a flare shape; in the second row
there are two sources that show a steady decrease in their
X-ray flux; in the third row there are two variable light curves.
Finally, in the bottom panels two constant light curves are
plotted.

4. DISCUSSION
4.1. Description of the Optical/Infrared Catalog

We correlated the X-ray sources with a catalog of optical
and near-IR stars in the Orion region; see Tables 3 and 4. We
constructed the catalog by merging ~30 published catalogs of
optical and infrared photometry, spectral types, previous X-ray
detections, proper-motion surveys, periods, and spectroscopic
projected rotational velocities (vsini). Although our X-ray
data presented are located in two flanking fields (fields 2 and 4

TABLE 4
CRoss IDENTIFICATION OF SOURCES WITH OPTICAL/INFRARED COUNTERPARTS

X-ID Parengo Name® RO1 Name® CHS Name® 2MASS Name! Other Names®
RO1 1413 CHS 5282 2MASS J05344268—-0442148 SMMYV 1089
Par 1567 RO1 1429 CHS 5438 2MASS J05344454—0442146 Tian 125, ROSAT 42, SMMV 1126
Par 1598 RO1 1483 S 2MASS J05344823—-0447401 ROSAT 52
e e CHS 5807 2MASS J05344854—0449568
Par 1620 RO1 1521 2MASS J05345106—0443414

Note.—Table 4 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and
content.

? From Parenago (1954).

° From Rebull (2001).

¢ From Carpenter et al. (2001).

4 From 2MASS Catalog.

¢ Other names: (SMMYV) Stassun et al. 1999; (Tian) Tian et al. 1996; (ROSAT) Gagne & Caillault 1994; (Einstein) Gagne et al. 1995; (HBC) Herbig & Bell
1988; (JW) Jones & Walker 1988; (H97) Hillenbrand 1997; (Feigelson) Feigelson et al. 2002; (HBJM) Herbst et al. 2001.
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Fic. 7.—Finding charts for nine sources that show several optical (circle) and/or infrared (cross) counterparts within their extraction circle (¢hin circle) or have

contamination from nearby X-ray sources.

from Rebull et al. 2000), we constructed a catalog over this
whole region in an attempt to increase the number of stars
with known L, and optical counterparts.

The optical photometry were taken from Rebull et al.
(2000), Hillenbrand (1997), Stassun et al. (1999), Wolff et al.
(2004), and Gagne et al. (1995) in that order. For near-IR
photometry, Carpenter et al. (2001) averaged over their light
curves, presenting the most reliable average JHK magni-
tudes. Magnitudes for the remaining stars then came from
2MASS, Muench et al. (2002), Hillenbrand et al. (1998), and
Hillenbrand & Carpenter (2000) in that order. Spectral types
were taken in this order: Rebull et al. (2000), Hillenbrand
(1997), Herbig & Bell (1988), Duncan (1993), Edwards et al.
(1993), Smith et al. (1983), Walker (1969); Walker (1983),
Gagne & Caillault (1994), Gagne et al. (1995), and Wolff et al.
(2004). Gagne & Caillault (1994) and Gagne et al. (1995)

collected much of the optical and spectroscopic literature
for stars in this region, reporting on X-ray detections using
Einstein and ROSAT, respectively. Strom et al. (1990) analyzed
Einstein data for some stars in this region. The largest X-ray
data base, and the one obviously most similar to our own data,
is Feigelson et al. (2002); these Chandra ACIS X-ray detec-
tions are in the ONC region; their fields have marginal spatial
overlap with the observations reported here. Finally, there are
several surveys in this region devoted specifically to obtain-
ing rotation data. Periods were taken from Rebull (2001),
Stassun et al. (1999), Herbst et al. (2000); Herbst et al. (2001),
Carpenter et al. (2001), Gagne et al. (1995) in that order.
Spectroscopic rotational velocities came from Rhode et al.
(2001), Wolff et al. (2004), Duncan (1993), Smith et al. (1983),
Gagne et al. (1995), Hartmann et al. (1986), and finally Walker
(1990).
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4.2. Comparison of Optical/Infrared and X-Ray Catalogs

We found that 356 (85%) of our 417 X-ray sources have
optical and/or infrared counterparts (130 [31%] have known
periods). Each X-ray source was manually checked to confirm
that the optical and/or infrared counterparts lay within the
radius for count extraction (R.y, as defined in Ramirez et al.
2004). The 356 sources and their corresponding optical and/or
infrared photometry are listed in Table 3. Other names of the
sources given by the different catalogs used in our compilation
are listed in Table 4.

There were cases in which two optical/near-IR counterparts
were located within R, which is a measure of the size of the
PSF in the Chandra field. This was the case for nine X-ray
sources, shown in Figure 7. These sources are marked with a
“c” in Table 1 and are matched to the closest counterpart in
each case. Source N134 seems to be have two components
separated by ~1”. The optical (Par 1970) and 2MASS coun-
terparts coincide with the weaker component. Par 1970 is a
B2 star, which should be weak in X-rays. Source N217 has
two pairs of optical and 2MASS counterparts separated by
~6”5. Source S025 has two pairs of optical/2MASS counter-
parts within the extraction circle. One pair is at the edge of the
extraction circle and the other within 1”3 of the X-ray position.
Source S091 is an extended source, possibly with two com-
ponents. Source S101 has two optical and one infrared source
within the extraction circle. Source S141 has two optical
sources within the extraction circle. Source S182 has a large
aperture and its extraction circle contains emission from a
nearby X-ray source. Sources S187 and S191 are separated by
5”5 at an off-axis angle of about 8/5. Their circles of extraction
(Rext ~10") overlap considerably. Source S187 has an optical
counterpart (Par 1897), while source S191 has an infrared
counterpart (2MASS J05351696—0532464). Optical and/or
infrared spectroscopy of these objects may help determine the
true counterpart of these X-ray sources.

There are 902 stars in our optical/infrared catalog with J, H,
and K photometry, and with positions inside the field of
view of our Chandra observations. Among those 902 stars,
316 (35%) have X-ray Chandra counterparts. Figure 8 shows
a J-magnitude histogram of all the 902 stars with J, H, and K
photometry and positions inside the Chandra field (solid line)
and the histogram of the 316 X-ray Chandra counterparts
(dotted line). The completeness limit of the infrared sample is
that of 2MASS. We can see in Figure 8 that our infrared sample
goes deeper than the sample of stars with X-ray counterparts.
A similar behavior is seen in the optical sample histogram.
This means that all the X-ray sources should have been
matched to sources in our optical/infrared catalog if they are
associated with stars earlier than M4 at the distance of Orion in
the absence of extinction.

Among the Orion X-ray sources in our catalog, 130 (31% of
the 417 X-ray sources) have known periods from Rebull
(2001). Among the Orion X-ray sources with known periods,
46 (35% of the 130 X-ray sources with known periods) are
classified as variable X-ray sources, and 24 (18% of the 130
X-ray sources with known periods) show a flare or possible
flare pattern. Nearly 52% of the 46 flaring X-ray sources are
periodic in optical wavelengths, while only 31% of all the
X-ray sources show a periodic optical variation. There are 12
sources with short enough optical periods so that a significant
fraction of the period is observed in the time length of the
X-ray Chandra observations. However, the low signal-to-
noise ratio of the light curves and the presence of X-ray

10— b
entire catalog b
Fooaeees X—ray sample 7
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Fic. 8.—J magnitude histogram of all the sources with J, H, and K mag-
nitudes in our Chandra fields. The solid line corresponds to all the sources,
and the dotted line to all the sources with X-ray counterparts. All the X-ray
sources should have been matched to sources in our catalog if they are as-
sociated with stars earlier than M4 at the distance and age of Orion.

flares prevent us from drawing any conclusions regarding
the presence or absence of rotational modulation of the X-ray
flux.

There are 61 X-ray sources that do not have optical or
infrared counterparts, and they are marked with an “x” in
column (13) of Table 1. Based on the limiting magnitude of
our optical catalog (¥ ~ 20 mag), the X-ray to optical flux
ratio, fx/fy, of the sources with only X-ray detection is
210723, Therefore, these sources could be either late M dwarfs
or extragalactic objects (Stocke et al. 1991). Given the pres-
ence of a dark cloud behind Orion, the detection of background
M dwarfs in X-rays is unlikely, so, if these sources detected
only in X-rays are M dwarfs, then they should be » < 470 pc.
We have identified 17 of these sources detected only in X-rays
with sources in a deep 2MASS image (E. L. Kopan 2004,
private communication; ~2 mag deeper than the 2MASS All
Sky Point Source Catalog) reducing the number of sources
detected only in X-rays to 44. Based on the limiting flux of our
X-ray sample, the maximum X-ray luminosity of M dwarfs
(Fleming et al. 1995), and the limiting magnitude of the deep
2MASS image, we determined that all foreground M dwarfs
present in our X-ray sample should have been detected in the
deep 2MASS image.

Source counts in the Chandra South and North Deep Fields
(Rosati et al. 2002; Brandt et al. 2001) predict the presence
of about 20 AGNs in each ACIS field of view at the flux limit
of our observations, assuming a Galactic extinction of 4y ~
11 mag (from NED extinction calculator).'® Feigelson et al.
(2002) found 101 X-ray sources with no optical counterparts
in their 82 ks Chandra observation of the ONC, all highly
concentrated toward the center of the ONC. They argued that

19 At http:/nedwww.ipac.caltech.edu /forms/calculator.html.
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TABLE 5

Counts C.R. Flux log (Ly)

Parengo Name RO1 Name CHS Name 2MASS Name Other Names (counts) (counts ks~ 1) (10713 ergs cm 2 s71) log (ergs s™')
CHS 10870 <6.30 <0.3447 <0.0227 <28.78
Par 2083... . Tian 250 <10.70 <0.4994 <0.0329 <28.94
Par 2131... 2MASS J05353948—0451216 Tian 258 <9.80 <0.2455 <0.0161 <28.63
Par 1654.......... RO1 1599 2MASS J05345622—-0445574 Tian 150 <8.00 <0.2016 <0.0133 <28.54
Par 1708.......... 2MASS J05350478—0443546 Tian 162 <8.40 <0.2328 <0.0153 <28.61
CHS 8034 2MASS J05351065—0442075 <6.30 <0.1464 <0.0096 <28.41
CHS 8467 2MASS J05351406—0453112 <5.10 <0.1671 <0.0110 <28.46
RO1 1937 CHS 9321 2MASS J05351974—0448180 <3.00 <0.1881 <0.0124 <28.51
RO1 1720 2MASS 105350693 —0449097 <13.90 <0.8425 <0.0554 <29.17
ROI 1806 2MASS J05351282—-0539077 JW 398 <3.00 <0.2237 <0.0150 <28.60
CHS 9056 2MASS J05351795—0535157 JW 579, SMMV 2470 <6.70 <0.1530 <0.0103 <28.43
2MASS J05351898—-0537234 HBJM 10548 <3.80 <0.1427 <0.0096 <28.40
.. JW 618 <5.60 <0.1889 <0.0127 <28.53
Par 1810.......... RO1 1795 2MASS J05351235—-0536403 JW 384 <10.10 <0.4175 <0.0280 <28.87
Par 1898.......... 2MASS J05351596—0539147 JW 514, Tian 196 <3.00 <0.1990 <0.0134 <28.55
ROI 1949 2MASS J05352074—0537536 JW 667 <8.50 <0.3344 <0.0225 <28.77
RO1 1451 2MASS J05344609—-0537312 JW 79 <12.10 <0.3498 <0.0235 <28.79
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most of those sources were indeed heavily embedded pro-
tostars or young stars seen behind the cloud. They estimated
that the extragalactic contamination cannot be more than 15
objects, because of the high extinction of the ONC behind
the stars. In our case the extinction in front of the Orion
flanking field stars is significantly lower than on the ONC
(Rebull et al. 2000) and our only X-ray sources seem to be
concentrated in areas of low extinction determined from a
CO map of the area (Bally et al. 1987) and H — K color of
2MASS sources in those areas. Thus, we believe that the
most likely explanation is that most of the objects detected
only in X-rays are active galaxies. Deeper infrared photo-
metry or deeper X-ray observations may help determine the
true nature of these sources.

There are 17 stars for which rotation and spectral type in-
formation exist in our optical/infrared catalog and for which
no X-ray counterpart was found. To allow us to use these stars
in the next paper, we determined upper limits for their X-ray
luminosity in the same manner as Ramirez et al. (2004). The
upper limit for the X-ray luminosity was computed assuming a
distance to Orion of 470 pc. The upper limit results are listed
in Table 5.

4.3. Color-Color Diagram

In Figure 9 we have plotted the / — H, H — K color-color
diagram of all the infrared sources in the field of view of our
Chandra observation. Most of the X-ray sources with infrared
colors are located near the locus of the classical T Tauri (CTT)
stars (Meyer et al. 1997). The remaining sources are located
within the reddening vectors of late main-sequence stars and
CTT stars.

4.4. Color-Magnitude Diagrams

There are 445 stars in our optical/infrared catalog with /. and
V photometry and with positions inside both fields of view of
the Chandra observations. Among those 445 stars, 280 (63%)
have X-ray Chandra counterparts. In Figure 10 we have
plotted (V' — I.)-M;, color-magnitude diagrams (CMDs) of
the optical sources in the fields of view of our Chandra ob-
servations. The dereddened V — I. color and the absolute
magnitude M, were obtained assuming an average extinction
of Ay = 0.41 (Rebull et al. 2000) and dereddening relation-
ships from Fitzpatrick (1999) and Mathis (1990). In both
panels we have also plotted isochrones from D’Antona &
Mazzitelli (1998) as a reference. The dashed line corresponds
to M; = 8.75 mag, which is the lower limit for a low-mass
Orion member rotating at the saturation level [log (Lx/Lyol) =
—3] with log (Lyx) = 28.5 (limit luminosity of our X-ray sam-
ple). This means that the most slowly rotating stars earlier than
M3 with optical counterparts should be detected by our X-ray
sample.

Most of our X-ray sources are younger than 107 yr at the
distance of Orion, and furthermore the X-ray sources are
heavily concentrated between the 10° and the 3x10° yr old
isochrones with respect to the general population. Stars that
are strong X-ray emitters are likely to be young stars and
therefore true members of the Orion cluster. In Rebull et al.
(2000), as a result of the lack of membership information for
stars this far from the Trapezium, a provisional membership
criterion was defined. A line was drawn through an empiri-
cally discovered gap nearly coincident with the 3 Myr iso-
chrone to divide the stars clumping above it in a locus (likely
members) from the ones below it (likely field stars). This
approximation was supported in Rebull (2001) by the loca-
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Fic. 9.—Observed infrared color-color diagram of sources located in the
fields of the ACIS camera. The filled squares denote stars with X-ray coun-
terparts, and the dots mark the position of stars without X-ray counterparts.
The thick line marks the location of main-sequence colors, the dotted line the
locus of CTTs from Meyer et al. (1997), and the dashed lines are reddening
vectors; the length corresponds to 4, = 10 mag.

tions of the periodic stars, also likely young and therefore
members. The clustering of the X-ray sources above the 3 Myr
isochrone is additional confirmation that stars in the locus are
more likely to be true members of the cluster than stars below
this locus.

There is one star (S038) with M;, brighter than 0 mag. Its
optical counterpart, Par 1605, has a spectral type of A0 V.
It has log(Ly) = 30.1 and Ly/Lyo = 10737, X-ray emission
from late B stars and early A stars is rare, since they are in the
transition between wind-driven X-ray emission from hot stars
and magnetically driven coronae from late-type stars. It is
often speculated that the X-ray emission observed in late B
and early A stars comes from unseen late-type companions
(Stelzer et al. 2003; Daniel et al. 2002); that explanation could
apply to Par 1605.

There are three X-ray sources that appear to be much older
than 107 yr. One of them (141S) has unreliable photometry
because of background contamination from a nearby star.
The other sources (N068 and S115) lack both spectral type
and membership information. If we deredden sources N068
and S115 (see Fig. 9) along the reddening vector toward the
locus of CTT stars, we derive an 4y value of 5.9 mag for
source N068 and 2.1 mag for source S115. The locations of
sources NO68 and S115 are indicated along with their
dereddened positions in Figure 9. In Figure 11 we have
plotted the (J — H)-M; CMD of all the infrared sources
with X-ray counterparts, with isochrones from D’Antona &
Mazzitelli (1998). The locations of sources N068 and S115
are indicated along with their possible dereddened position.
It is possible that these two objects are the youngest and
most embedded of our X-ray sources, if they are indeed
members of the Orion complex. The unusual optical colors
of these sources could be explained by scattered light from
an edge-on disk.
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(V-1.),

Fi. 10.—Dereddened optical CMDs of sources located in the fields of the ACIS camera. In the left panel open circles denote stars with X-ray counterparts and
Ly/Lvol < 107, stars denote sources with X-ray counterparts and Ly /Luoi > 107#, and dots mark the position of stars without X-ray counterparts. In the right panel
only optical sources with X-ray counterparts are plotted. The dashed line corresponds to M;, = 8.75 mag, which is the lower limit for a low-mass star rotating at the
saturation level [log (Lx/Lool) = —3]. The solid lines denote isochrones from D’Antona & Mazzitelli (1998).

4.5. Age Difference

Figure 12 shows the dereddened CMD for three X-ray se-
lected samples. On the left panel we plot the NGC 2264
sample from Ramirez et al. (2004), which includes 201 stars
showing X-ray emission. The middle panel shows Orion FF
data from the present work. Finally, the right panel shows 584
X-ray ONC sources (Feigelson et al. 2002) that have optical
counterparts from our database. The stars from the three
samples have been dereddened using the following criteria. If
the star has a known spectral type, we have used 4; derived
from the spectra. For the remaining stars, we have derived 4;
from JHK photometry, assuming that the stars are PMS stars.
We use 4; from infrared colors if this is greater than 1 mag.
If not, we use the median A4; for each field (4; = 0.25 for
NGC 2264, A; = 0.25 for Orion FF, and 4; = 1.31 for the
ONC; Herbig & Terndrup 1986). This criterion is reasonable
for fields with variable reddening, such as the ONC, where A4,
can be as high as 4 mag.

There are several notable differences among the shown
CMDs. NGC 2264 stars appear to be more compactly dis-

tributed than the ONC stars. There are fewer high-mass stars in
the Orion FF sample than in the ONC sample. The NGC 2264
sample appears to be the oldest of the three samples. One way
to quantify these differences is through the use of statisti-
cal boxes. We have divided each X-ray—selected sample into
smaller samples containing stars of a determined color range
of 0.5 mag of width. For each color range, we have determined
a box as defined by Tukey (1977) (see also Cleveland 1993).
The central horizontal line in each box is the median A, for
the range in (V — I.), color, while the bottom and the top
of the box shows its interquartile range (containing 50% of
the sample), and the vertical lines coming out of the box
mark the position of the adjacent points of the sample (most
extreme values in the sample that are not more than 1.5 times
the interquartile range). In Figure 13 we show the box plots
for the three samples together with isochrones from D’Antona
& Mazzitelli (1998). We have only plotted the boxes that
overlap with all three samples, are within the range of iso-
chrones [(V — 1), > 1.0], and are not subject to biases from
the optical limit of the catalog or other intrinsic properties
[(V — 1)y < 2.5; Rebull 2001]. We have also plotted in the
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(J=H),

Fig. 11.—Dereddened infrared CMD of sources located in the fields of the
ACIS camera. Only infrared sources with X-ray counterparts are plotted. The
solid lines denote isochrones from D’Antona & Mazzitelli (1998).
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three panels horizontal dotted lines that correspond to the
median value of the Orion FF boxes. The median, upper, and
lower quartile M, values are listed in Table 6 for each of the
(V' — 1), color ranges and for the three samples of X-ray
sources. All the NGC 2264 medians are systematically lower
than the Orion FF medians, with a mean difference of 0.3 mag
(0 =0.1). All the ONC medians are systematically higher
than the Orion FF medians, with a mean difference of 0.3 mag
(0 =0.1). The effect of reddening is very small, since the
reddening vectors go almost parallel to the isochrones. If we
used the median reddening for each field, we found the same
mean differences in the median M, for each color range. If we
used a Ay one magnitude higher or one magnitude lower, we
got again the same differences in the median ;.

The observed differences can be explained by a difference
in age among the three samples. Using the D’Antona &
Mazzitelli (1998) isochrones, we derive an age of ~2, ~1,
and ~0.5 Myr for the X-ray—selected samples of NGC 2264,
Orion FF, and ONC, respectively. Alternatively, assuming
vertical Hayashi tracks, stellar luminosities scale as L ~ ¢—2/3
(Hartmann 1998). Thus, differences in luminosity of 0.3 mag
correspond to ratios in age of a factor of ~1.5. Searching for
young stars in X-rays is known to be a efficient way of
finding young stars (for example, the ROSAT All Sky Survey,
e.g., Neuhauser et al. 1995). Does the age difference for the
X-ray—selected stars in the three regions apply as well for all
low-mass members in the three regions? Our own belief is
that X-ray selection does not bias YSO population statistics
in terms of age and mass (e.g., Feigelson et al. 2002), and
therefore our age estimates should be valid for the entire set
of stars in the three regions. We caution, however, that X-ray
selection may result in bias for other physical parameters,
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Fic. 12.—Dereddened optical CMDs of X-ray—selected samples in NGC 2264 (left), Orion flanking fields (middle), and ONC (right). The solid lines denote
isochrones from D’Antona & Mazzitelli (1998). The range in color selected for age comparison is 1.0 < (V — I..), < 2.5.
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FiG. 13.—Dereddened optical CMDs of X-ray—selected samples in NGC 2264 (left), Orion flanking fields (middle), and ONC (right), plotted as statistical boxes.
Each box corresponds to a range in (V' — I.), of 0.5 mag. The central horizontal line of each box is the median M;, in the respective color range; the bottom and top
lines show its interquartile range, and the vertical lines coming out of the box mark the position of the adjacent points of the sample. The horizontal dotted lines
show the median M;, for the Orion flanking field sample. There is a consistent age difference among the three X-ray samples. The ONC sample is the youngest, and

the NGC 2264 sample is the oldest.

such as rotation or disk properties (e.g., Flaccomio et al.
2003a, 2003b). To provide some support to our assertion
concerning X-ray selection bias and age, we have constructed
plots like Figure 13 for low-mass members of the three
clusters located within the Chandra field of view but not
restricted to X-ray detection. We derived box plots for the
optical sample of likely members in all three regions using
two different reddening prescriptions—one with a mean red-
dening for each field and one where we derived reddening
exactly as for Figure 13. In both cases we derived similar ages
and age differences for the three fields. We note that this result
differs from that reported in Rebull et al. (2000) and Rebull
(2001), where no age difference was found between optical
samples in the ONC and the Orion flanking fields.

The earlier studies used larger fields and a different statis-
tical method, which may have smeared out any age differences
that might be present. We note that none of the essential

conclusions in earlier papers change in any way if the Orion
flanking fields are indeed older (or contain a range of older
ages) than the ONC.

5. CONCLUSIONS

We present a catalog of Orion X-ray sources from two
flanking fields. The observations were taken with the ACIS-I
on board the Chandra X-Ray Observatory. The catalog, con-
sisting of 417 sources, includes X-ray luminosity, optical and
infrared photometry, and X-ray variability information. We
found 91 variable sources, 33 of which have a flarelike light
curve, and 11 of which have a pattern of a steady increase or
decrease. From the optical and infrared counterparts of the
X-ray sources, we have learned that most of the X-ray sources
have colors consistent with CTTs that are younger than 107 yr.
We argue that the data are consistent with an age difference
among the X-ray—selected samples of NGC 2264, Orion FF,

TABLE 6
MEDIAN AND QUARTILE VALUES FOR NGC 2264, OrioN FLANKING FIELDS, AND OrRION NEBULA CLUSTER

NGC 2264 ORrioN FLANKING FIELDS OrioN NEBULA CLUSTER
CoLor Rance  Upper Quartile  Median ~ Lower Quartile ~ Upper Quartile ~ Median  Lower Quartile  Upper Quartile Median ~ Lower Quartile
1.0-1.5......... 3.81 421 4.44 3.18 3.71 4.22 2.66 3.43 3.90
1.5-2.0......... 4.30 4.88 5.25 4.15 4.53 4.88 3.63 4.30 4.69

2.0-25.......... 5.10 5.58 5.98 4.81 5.30 5.72 4.57 4.94 5.45
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and ONC, with NGC 2264 being the oldest and ONC being
the youngest.

This catalog of X-ray sources will be used in Paper III to
study the relationship between rotational properties and X-ray
characteristics of Orion and NGC 2264 stars. We plan to
discuss correlations of Ly /Ly with rotation rate (period and
vsini), disk indicators (. — K, H — K, U — V, and He), and
mass accretion rate as derived from U — V' excess. We will
also compare the Ly /Ly, values found here with those from
other young clusters.
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is operated by the Jet Propulsion Laboratory, California Insti-
tute of Technology, under contract with NASA. The research
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Caltech, under a contract with NASA.
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